Abstract. Chronic inflammation and remodeling of the bronchial wall are basic hallmarks of asthma. During the process of bronchial wall remodeling, inflammatory factors, such as transforming growth factor-β1 (TGF-β1), are known to induce the differentiation of fibroblasts into myofibroblasts, which leads to excessive synthesis and secretion of extracellular matrix (ECM) proteins, thus thickening and stiffening the basement membrane. However, it has not been thoroughly studied whether or not substrate stiffening affects the TGF-β1-induced myofibroblast differentiation. In the present study, the influence of substrate stiffness on the process of bronchial fibroblast differentiation into myofibroblasts in the presence of TGF-β1 was investigated. To address this question, we synthesized polydimethylsiloxane (PDMS) substrates with varying degrees of stiffness (Young's modulus of 1, 10 and 50 kPa, respectively). We cultured bronchial fibroblasts on the substrates of varying stiffness in media containing TGF-β1 (10 ng/ml) to stimulate the differentiation of fibroblasts into myofibroblasts. Myofibroblast differentiation was examined using semi-quantitative RT-PCR for the expression of α-smooth muscle actin (α-SMA) mRNA and collagen I mRNA, the enzyme-linked immunosorbent assay method was used to assess the expression of collagen I protein and western blotting to assess the expression of α-SMA protein. The optical magnetic twisting cytometry (OMTC) method was used for the changing of cell mechanical properties. Our findings suggest that when fibroblasts were incubated with TGF-β1 (10 ng/ml) on substrate of varying stiffness, the differentiation of fibroblasts into myofibroblasts was enhanced by increasing substrate stiffness. Compared with those cultured on substrate with Young's modulus of 1 kPa, the mRNA and protein expression of collagen I and α-SMA of fibroblasts cultured on substrates with Young's modulus of 10 and 50 kPa were increased. Furthermore, with the increase of substrate stiffness, the cell stiffness and contractility were also increased, which also indicated further aggravation of asthma. This finding may help better understand the underlying mechanisms of hyperplasia of myofibroblasts in asthma, which has a marked significance in the therapy of asthma.
Introduction
Asthma is characterized by airway inflammation, hyperresponsiveness and remodeling. During the process of airway remodeling, airway wall thickening, subepithelial fibrosis, mucous metaplasia, myocyte hyperplasia and hypertrophy and myofibroblast hyperplasia occur (1) (2) (3) (4) .
The myofibroblast is often described as possessing a phenotype between that of a fibroblast and a smooth muscle cell, while the presence of α-smooth muscle actin (α-SMA) has been considered a marker of myofibroblast differentiation (5) . The myofibroblast may be generated from fibroblasts. Although several factors are able to induce the differentiation of fibroblasts into myofibroblasts (6) , the most potent inducer in vitro is transforming growth factor-β1 (TGF-β1) (7) (8) (9) . This profibrogenic growth factor is increased in asthma and has been associated with myofibroblast proliferation and airway remodeling (10) . In particular, the TGF-β1 isoform has been implicated in the pathogenesis of asthma due to its release from damaged epithelial cells and myofibroblasts, which is an important morbigenous factor in the process of airway remodeling. Myofibroblasts are major producers of collagenous and noncollagenous matrix molecules, thus thickening and stiffening the basement membrane. These features of the myofibroblast may play an important role in asthma (11, 12) .
Mechanical forces are highly involved in fundamental cell processes including mechanotransduction, growth, differentiation, protein and DNA synthesis, motility and apoptosis (13) (14) (15) (16) (17) , microstructure (18) and especially stiffness (19) (20) (21) (22) of the local environment, may have on cellular functions relevant to development, homeostasis and disease. In view of the thickening and stiffening of the basement membrane in asthma, it has not been well studied whether substrate stiffening affects the TGF-β1-induced myofibroblast differentiation. This paucity of knowledge has motivated us to investigate the influence of substrate stiffness on the process of bronchial fibroblast differentiation into myofibroblast in the presence of TGF-β1.
Materials and methods

Materials.
Substrates with varying degrees of stiffness were made of polydimethylsiloxane (PDMS, Sylgard 184; Dow Corning, Midland, MI, USA). The synthetic arginine-glycineaspartic acid (RGD)-containing peptide was purchased from American Peptide Company (Sunnyvale, CA, USA). The ferrimagnetic beads (diameter 4.5 µm) were kindly provided by Dr J.J. Fredberg of Harvard School of Public Health (Cambridge, MA, USA). Unless otherwise noted, all other reagents were purchased from Fisher Scientific (Newark, DE, USA). The study was approved by the ethics committee of Bioengineering College, Chongqing University, Chongqing, China.
PDMS substrates and stiffness (Young's modulus) measurements.
PDMS is a widely-used bio-compatible substrate for cell behavior studies (23) (24) (25) . The PDMS stiffness may be controlled by the cross-linker agent concentration (CLC) in the PDMS solution, the temperature and the time of baking (26) . We prepared the substrates with varying stiffness (Young's modulus of 1, 10 and 50 kPa, respectively).
First, the PDMS samples were prepared with the ratio of CLC in PDMS solution of 0.012, 0.014, 0.020, 0.025 and 0.030 in 35-mm Petri dishes (Greiner Bio-One, Frickenhausen, Germany) and baked at a constant temperature of 60˚C (normal pressure conditions) for 3 days. Then, the cured PDMS gel was measured for its stiffness, i.e., the Young's modulus (kPa), using a rotational rheometer (Gemni HR rheometer, Malvern, UK) at 5 different frequencies (0.01, 0.10, 1.00, 10.00 and 30.00 Hz). Secondly, the cross-linker concentration required to fabricate the PDMS gel with the given Young's modulus (1, 10, 50 kPa) was determined from the above measured relationship between the PDMS's Young's modulus (kPa) and the crosslinker concentration (CLC).
Cell culture and immunohistochemical staining. Bronchial fibroblasts obtained from Sprague-Dawley (SD) rats were grown. Primary fibroblast cultures were established as previously described (27) . Fibroblasts were cultured using Dulbecco's modified Eagle medium (DMEM) (BioWhittaker, Walkersville, MD, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 U/ml streptomycin (Gibco-BRL, Carlsbad, CA, USA). Cultures were passaged weekly at a 1:3 split ratio and were used between passages 2 and 7.
Following plating for 24 h, cells were fixed with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) at 37˚C for 30 min. The samples were blocked and permeabilized with 1% bovine serum albumin (Sigma-Aldrich) and 0.2% Triton (Sigma-Aldrich) for 30 min. Cells were then incubated with anti-vimentin antibody (1:400; Boster, Wuhan, China) and anti-α-SMA antibody (1:300; Boster), respectively. Following incubation, the cells were washed twice in PBS and further incubated with a horseradish peroxidase-conjugated goat anti-mouse IgG (1:3,000; Boster). Specimens were visualized under a microscope and photographed. The cells were positive for vimentin, while 1% of the cells were α-SMA-positive in the absence of TGF-β1.
Cell culture on substrates of varying stiffness. The PDMS substrates were coated with fibronectin (10 µg/ml; Sigma-Aldrich) overnight for cell culture. Bronchial fibroblasts were seeded onto substrates with varying stiffness (Young's modulus of 1, 10 and 50 kPa, respectively) and grown to 80-95% confluence prior to serum (Sijiqing Biological Engineering Materials Company, Hangzhou, China) starvation for 24 h followed by treatment with TGF-β1 (10 ng/ml; Sigma, Poole, UK) for 48 h to stimulate the differentiation of fibroblasts into myofibroblasts.
RNA isolation and semi-quantitative reverse transcriptase polymerase chain reaction (sqRT-PCR).
Total ribonucleic acid (RNA) was extracted and treated with RNase-free DNase to eliminate contamination. cDNA synthesis was performed by reverse transcription with oligo(dT) primers (Takara Bio, Shiga, Japan) and Superscript II Reverse Transcriptase (Takara Bio). Specific cDNAs for α-SMA and collagen I and β-actin isoforms were amplified with primer pairs (Table I) by PCR for 26 cycles: denaturing at 94˚C for 30 sec, annealing at 61.2˚C for 1 min and a final extension at 72˚C for 30 sec. Specific, forward and reverse primers spanning a 202-bp fragment encoding α-SMA, a 233-bp fragment of collagen I and a 396-bp fragment of β-actin cDNAs were used. The primer pairs yielded the appropriate sizes of RT-PCR products, were separated on 1.5% agarose gels, digitally photographed and the intensity of the bands was quantified in correlation with the β-actin band and values expressed as a ratio to the controls.
Enzyme-linked immunosorbent assay (ELISA).
After the cells were cultured on substrates with varying degrees of stiffness and treated with TGF-β1 (10 ng/ml) for 48 h, the supernatant was collected. The collagen I in the supernatant was detected using a Rat collagen Type I, Col I ELISA kit (Senxiong Biotech, Shanghai, China). Measuring cell mechanical properties. Mechanical properties of cells on substrates of varying stiffness were assessed by optical magnetic twisting cytometry (OMTC), of which the details have been thoroughly described in previous studies (28, 29) . Bronchial fibroblasts were seeded onto 96-well plates with varying stiffness (Young's modulus of 1, 10 and 50 kPa, respectively). Cells were cultured as described above. Subsequently, detection of the cell stiffness and cell contractility in response to stimulation by potassium chloride (KCl), was performed by OMTC, respectively.
Statistical analyses.
The results are presented as the means ± standard error (SE) and analyzed using OriginPro software (version 6.1). To assess the differences between conditions the Student's t-test for unpaired data was used. P<0.05 was considered to indicate a statistically significant difference, and P<0.01 an extremely significant difference.
Results
Characterization of bronchial fibroblasts. Primary bronchial fibroblasts were cultured for this experiment and reached confluence in 3-4 weeks. Confluent bronchial fibroblasts gave a characteristic 'fusiform' appearance. Immunocytochemical staining of rat bronchial fibroblasts was performed with antibodies against α-SMA (1:300; Boster) and antibodies against vimentin (1:400; Boster). Typically, all cells were positive for vimentin, while 1% of the cells were α-SMA-positive (Fig. 1) . Fig. 2 shows the results of Young's modulus measurements of PDMS substrates using a rheometer. In all cases, the Young's modulus of PDMS substrates exhibited typical power-law behavior whereby Young's modulus (kPa) increased with the concentration of cross-linker in the PDMS solution, as shown in Fig. 2 . In this study, we selected the PDMS Young's modulus measured at the lowest frequency (0.01 Hz) to be representative of the relationship between the PDMS stiffness and the cross-linker agent concentration (CLS). The least square curve fitting of the measured PDMS Young's modulus versus CLS in log-log scale indicates a linear relationship as follows: Log (Young's modulus) = 3.986 log (CLC) + 7.536 eq.(1). From this equation, we determined the concentration of cross-linker agent required to achieve the corresponding Young's modulus of PDMS at 1, 10, 50 kPa, was 0.013, 0.023, and 0.034, respectively. Thus, all the PDMS substrates used for experiments throughout this study were prepared according to these CLS concentrations Effect of substrate stiffness on expression of α-SMA and collagen I mRNA. To examine whether α-SMA mRNA and collagen I mRNA of myofibroblast expression is regulated by substrate stiffness, we performed sqRT-PCR on cDNA templates derived from cells cultured on substrates with varying degrees of stiffness (Young's modulus of 1, 10 and 50 kPa, respectively). Fig. 3A and B shows a representative image following agarose gel electrophoresis with PCR products for α-SMA (202 bp), collagen I (233 bp) and β-actin (396 bp). The bands were analyzed using the appropriate image analysis software. α-SMA/β-actin (Fig. 3C) and collagen I/β-actin (Fig. 3D ) values were assessed, respectively. When fibroblasts were incubated with TGF-β1 (10 ng/ml) on substrate of varying stiffness, the α-SMA and collagen I mRNA expression of cells cultured on substrates with Young's modulus at 10 kPa increased 0.14-and 0.32-fold, respectively, compared with those at 1 kPa. However, for the cells cultured on substrates with Young's modulus at 50 kPa, the increases were 0.72-(P<0.05) and 0.64-fold (P<0.05), respectively.
PDMS Young's modulus measurements.
Effect of substrate stiffness on expression of collagen I protein.
An ELISA kit was used to assess the effect of substrate stiffness on expression of collagen I protein, following treatment with TGF-β1 for 48 h. Collagen I protein expression of cells cultured on substrates with Young's modulus of 10 kPa increased 0.03-fold (P<0.05) compared with those with Young's modulus of 1 kPa, whereas for the cells cultured on substrates with Young's modulus at 50 kPa, the increases were 0.2-fold (P<0.01) (Fig. 4) .
Effect of substrate stiffness on expression of α-SMA protein.
To investigate the biochemical contractile phenotypic changes after fibroblasts were cultured on substrates with varying stiffness and treated with TGF-β1 for 48 h, the expression of α-SMA protein was examined using western blot analyses. A 0.43-(P<0.05) and a 1.02-fold (P<0.01) increase was observed in α-SMA protein expression of cells cultured on substrates with Young's modulus of 10 and 50 kPa, respectively, compared with those with Young's modulus of 1 kPa (Fig. 5) . Effect of substrate stiffness on cell stiffness and contractile response. To investigate the effect of substrate stiffness on the mechanical properties of differentiated myofibroblasts, stiffness (G') was measured using OMTC for TGF-β1-induced cells grown on substrates with varying stiffness (1, 10 and 50 kPa). In all cases, the cells exhibited typical power-law behavior whereby G' increased weakly with frequency (f) and followed a power-law, f α , where α was the slope of the power-law regression, as shown in Fig. 6 . Furthermore, with the increase of substrate stiffness, the cell stiffness was also increased. The power-law exponent α increased from 0.108 to 0.122 as substrate stiffness increased.
To evaluate the effect of substrate stiffness on TGF-β1-induced myofibroblast contractility, the contractile agonist, KCl (80 mM), was used to stimulate the cells. As shown in Fig. 7A , prior to KCl administration the cell stiffness fluctuated around a certain baseline level. Following administration of KCl to the cells at 60 sec, a rapid rise in cell stiffness was observed. The contractile response, or contractility of myofibroblasts to KCl stimulation was quantified as the ratio of the cell stiffness following KCl activation (G KCl ) to baseline stiffness prior to KCl activation (G0), i.e., G KCl /G0. The plateau stiffness following KCl administration was averaged to represent the stiffness after contraction, as indicated by the box-window in Fig. 7A . Thus, with the increase of substrate stiffness, the reaction of cell contraction was increased. In contrast to the increased stiffness on 1 kPa substrate, the cell stiffness on 10 and 50 kPa substrates increased to 1.03 and 1.08 (P<0.05), respectively, as shown in Fig. 7B .
Discussion
Asthma is characterized by an increase in myofibroblast numbers and smooth muscle mass. Myofibroblasts have intermediate features between fibroblasts and smooth muscle cells (30) and they have been suggested to potentially act as precursors for smooth muscle cells. Mature myofibroblasts are able to serve multiple biological functions including contraction, proliferation, synthesis of extracellular matrix (ECM) proteins and the release of cytokines, chemokines, and growth factors. Accordingly, myofibroblasts are likely to be involved in the biological mechanism-driving progression of airway remodeling.
Hyperplasia of myofibroblasts is one of several structural changes that occur in airway remodeling. α-SMA has been considered a myofibroblast marker protein, which is also a specific contractile phenotype marker. In this study, with substrate stiffness increase, the expression of α-SMA mRNA (Fig. 3C) and protein (Fig. 5 ) of TGF-β1-induced myofibroblasts were increased. It indicated that the differentiation of fibroblasts into myofibroblasts was increased with the increase of substrate stiffness. In addition, increased numbers of myofibroblasts were found in the airways of asthmatic patients, while their number appeared to correlate with the size of the basement reticular membrane (31) . The results of our experiment were consistent with the set of in vitro experiments (31) .
Myofibroblasts may contribute to tissue remodeling by releasing ECM components, such as elastin, fibronectin and collagen I. In this experiment, with substrate stiffness increase, the expression of collagen I mRNA (Fig. 3D ) and the secretion of collagen I protein (Fig. 4) were stimulated, demonstrating that the airway remodeling was worsening.
In the present study, an OMTC method was used to determine the changing of the mechanical properties of the cells. During detection, the magnetic beads were linked to the cytoskeleton (F-actin) by the combination of RGD peptide with integrin receptor on the cell surface. Consequently, the detected stiffness of cells reflected the expression of F-actin. The study demonstrated that altering the stiffness of the underlying substrate under conditions that maintain a constant chemical environment may lead to the changing of cell stiffness. With the increase of substrate stiffness, the cell stiffness was also increased, i.e., the expression of the cytoskeleton (F-actin) was also increased.
The response of the cell contraction increased with substrate stiffness increase from 1 to 50 kPa in the presence of TGF-β1, as shown in Fig. 7 . On the substrates with stiffness of 1 kPa, there was no contraction of cells essentially. However, on the substrates with stiffness of 10 and 50 kPa, the cell contraction was increased with the increase of substrate stiffness. It indicated that on stiffer substrates the expression of α-SMA was higher, which was corresponding to the results in Fig. 5 .
When the stiffness of ECM is increased, the fibroblasts need to form larger focal adhesions (FAs) to attach to the ECM to balance the increasing intracellular stress and mechanically resistant substrate. However, establishment of supermature FAs depends on two aspects: one is the high intracellular contractile activity generated by α-SMA, the other is a stressresistant ECM (32) . Thus, with ECM stiffness increase, the differentiation of fibroblasts into myofibroblasts in the presence of TGF-β1 was also increased. This way, the expression of α-SMA and F-actin are upregulated, leading to the high intracellular contractile activity and a more stress-resistant ECM.
In conclusion, The TGF-β1-induced differentiation of fibroblasts into myofibroblasts was effected by substrate stiffness. The differentiation was stimulated when the substrate stiffness was increased. Hence, in an asthmatic airway, the ECM is markedly stiffer, which might induce the differentiation of airway fibroblasts to myofibroblasts. However, the increased myofibroblasts result in excessive synthesis and secretion of ECM proteins, such as collagen I, thus further thickening and stiffening the basement membrane. The process is a vicious circle. This finding may help better understand the underlying mechanisms of hyperplasia of airway myofibroblasts in asthma, which is likely to support more effective pathways for the therapy of asthma.
